Background: The associations of glomerular capillary and endothelial injury with the formation of necrotizing and crescentic lesions in cases of crescentic glomerulonephritis (GN) have not been evaluated in detail. Methods: Glomerular capillary and endothelial cell injury were assessed in renal biopsy specimens of crescentic GN, including those from patients with anti-neutrophil cytoplasmic autoantibodies (ANCA)associated GN (n=45), anti-glomerular basement membrane (GBM) GN (n=7), lupus GN (n=21), and purpura GN (n=45) with light and electron microscopy and immunostaining for CD34. Results: In ANCA-associated GN, anti-GBM GN, lupus GN, and purpura GN, almost all active necrotizing glomerular lesions began as a loss of individual CD34-positive endothelial cells in glomerular capillaries, with or without leukocyte infiltration. Subsequently, necrotizing lesions developed and were characterized by an expansive loss of CD34-positive cells with fibrin exudation, GBM rupture, and cellular crescent formation. With electron microscopy, capillary destruction with fibrin exudation were evident in necrotizing and cellular crescentic lesions. During the progression to the chronic stage of crescentic GN, glomerular sclerosis developed with the disappearance of both CD34-positive glomerular capillaries and fibrocellular-to-fibrous crescents. In addition, the remaining glomerular lobes without crescents had marked collapsing tufts, a loss of endothelial cells, and the development of glomerular sclerosis. Conclusions: The loss of glomerular capillaries with endothelial cell injury is commonly associated with the formation of necrotizing and cellular crescentic lesions, regardless of the pathogeneses associated with different types of crescentic GN, such as pauci-immune type ANCA-associated GN, anti-GBM GN, and immune-complex type GN. In addition, impaired capillary regeneration and a loss of endothelial cells contribute to the development of glomerular sclerosis with fibrous crescents and glomerular collapse. (J Nippon Med Sch 2015; 82: 27 35)
glomerular capillary walls allows fibrin, plasma proteins, inflammatory mediators, and leukocytes to enter Bowman's space, where they induce the proliferation of epithelial cells in Bowman's capsule and the infiltration of macrophages, which together produce cellular crescents.
Crescentic GN can be classified into 3 major clinical categories: immune-complex type GN, anti-glomerular basement membrane (anti-GBM) GN, and pauci-immune type GN, which often is associated with antineutrophil cytoplasmic autoantibodies (ANCA) 1, 2 .
The glomerulus is a well-developed capillary network.
The glomerular capillaries are lined by a thin, fenestrated endothelium that is critically involved in controlling the vascular tone, coagulation, inflammation, and homeostasis of glomerular functions 5, 6 . The injury of glomerular capillaries and endothelial cells may mediate the progression of crescentic GN. However, glomerular endothelial cell injury and glomerular capillary injury have not been evaluated pathologically in detail in cases of crescentic GN. Moreover, the precise mechanisms that lead to crescentic glomerular lesions in GN remain unclear.
In the present study, we first determined which endothelial cell marker was best for morphologically detecting glomerular capillaries in sections of formalin-fixed, paraffin-embedded tissue obtained at routine renal biopsy. We next evaluated the morphological alterations of the glomerular capillaries in crescentic GN to clarify the correlations between the presence of injuries to glomerular capillaries and endothelial cells and the formation of necrotizing and crescentic glomerular lesions in crescentic GN.
Materials and Methods

Renal Biopsy Cases of Crescentic GN
The renal biopsy specimens from the Department of Pathology, Nippon Medical School, obtained from 2008 through 2013 (n=1,031) were reviewed. Renal biopsies were performed with informed consent when unexplained nontransient hematuria, proteinuria, or renal dysfunction was present, alone or in combination. The pathological diagnosis of crescentic GN was confirmed with light, immunofluorescence, and electron microscopic findings. We selected renal biopsy cases of crescentic GN, including ANCA-associated microscopic polyangiitis (n= 45), anti-GBM GN (n=7), lupus GN (n=21), and Henoch-Schönlein purpura nephritis (HSPN) (n=45). The age, sex, blood pressure, the presence of hematuria (red blood cells! 400 high-power field) or proteinuria (g! day), and serum creatinine levels (mg! dL) at the time of biopsy were reviewed.
Pathological Examination
Kidney biopsy specimens that were fixed in 20% buffered formalin and embedded in paraffin were used for light microscopic examinations. Hematoxylin and eosin (H&E), periodic acid-Schiff (PAS), Masson's trichrome, and periodic acid-methenamine silver (PAM) staining was performed for light microscopic examination 7, 8 . Immunofluorescence for immunoglobulin (Ig) G, IgM, and IgA and complement components (C1q, C3, and C4) was examined using frozen biopsy tissues 7, 8 . Electron microscopic examination was performed with tissues fixed in 2.5% glutaraldehyde, postfixed in 1% osmium tetroxide, and embedded in Epon 7, 8 . Ultrathin sections were stained with uranyl acetate and lead citrate and then examined with a electron microscope (H7500, Hitachi, Ibaraki, Japan).
For immunohistochemical studies to detect glomerular capillaries, the formalin-fixed, paraffin-embedded biopsy specimens were stained with the standard avidin-biotin- a polyclonal rabbit anti-human caveolin-1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA). To optimize the detection of CD34, vWF, and TM, tissue sections were heated in a microwave oven for 10 minutes in 0.01 mol! L sodium citrate (pH 6.0) and incubated with 0.1% protease for 10 minutes and 0.1% pepsin for 15 minutes before incubation with the primary antibody.
Detection of Glomerular Capillary and Endothelial
Cell Injuries
The injury of glomerular capillaries and endothelial cells in crescentic GN was assessed with light and electron microscopy and with immunohistochemical staining for CD34. The loss of glomerular capillaries and endothelial cells was evaluated in the formation of necrotizing glomerular lesions, and in cellular, fibrocellular, and fibrous crescents, with or without glomerular collapse and glomerular sclerosis. In normal glomeruli and glomeruli with minor glomerular abnormalities, CD34 immunostaining could detect the glomerular capillary network. However, immunostaining for CD31, vWF, thrombomodulin, CD146, caveolin-1 and nestin could not detect glomerular capillaries clearly using our techniques.
Results
CD34 Immunostaining to Detect Glomerular Capillaries
In normal glomeruli and in glomeruli with minor glomerular abnormalities, immunostaining for CD34 indicated glomerular capillaries ( Fig. 1) . However, immunostaining for CD31, vWF, TM, CD146, and caveolin-1, which are common markers of endothelial cells, could not indicate glomerular capillaries when our techniques were used, because immunostaining was weak or undetectable on endothelial cells. In addition, nestin was expressed on glomerular epithelial cells and on endothelial cells. We, therefore used immunostaining for CD34 to detect morphological changes in glomerular capillaries in glomeruli. To observe the correlation between the glomerular capillaries and GBM, PAS stain was added after CD34 immunostaining in the same section.
Characteristics of Patients
The cases of crescentic GN (n=118) included 45 cases of ANCA-associated GN, 7 cases of anti-GBM GN, 21 cases of lupus GN, and 45 cases of HSPN. The characteristics of the patients are shown in Table 1 . All patients with crescentic GN had massive hematuria (median >100 RBC cells! high-power field) and proteinuria (more than 1 g! day). The patients with lupus GN had a nephrotic range of proteinuria (3.3±1.7 g! day), because cases of lupus GN included cases of class III or class IV and class V. The patients with ANCA-associated GN were older than patients with other types of crescentic GN. The cases of anti-GBM GN were characterized by a higher male ratio, higher blood pressure, higher serum creatinine levels, and higher rates of cellular and fibrocellular crescent formation than those in cases of other types of crescentic GN. Focal necrotizing glomerular lesions were found with rupture of the GBM and no obvious cellular infiltrates in ANCA-associated GN ( Fig. 2A) . Endothelial cells positive for CD34 were lost in the necrotizing lesions, and the destruction of glomerular capillaries was noted with rupture of the GBM (Fig. 2E) . With electron microscopy, exu- in necrotizing lesions (Fig. 2I) . In anti-GBM GN, multiple ruptures of the GBM were noted with fibrin exudation and the formation of cellular crescents (Fig. 2B) . Multiple ruptures of CD34-positive glomerular capillaries were seen, as were a loss of glomerular endothelial cells and fibrin exudation (Fig. 2F) . Cellular crescents were accompanied by the infiltration of a few leukocytes in glomerular capillaries and fibrin exudation (Fig. 2J) . In lupus GN and HSPN with high activity, global (lupus GN) or segmental (HSPN) endocapillary proliferative lesions had developed with inflammatory cell infiltration ( Fig. 2C and D). In part of some lesions, necrosis had occurred with exudation of fibrin and rupture of the GBM that led to cellular crescent formation. In endocapillary proliferative lesions, the CD34-positive cells had disappeared, but inflammatory cell infiltration was present ( Fig. 2G and   H) . In cases of lupus GN and HSPN, glomerular capillaries could not be detected, but infiltrating cells and fibrin exudation were observed ( Fig. 2K and L) .
CD34-positive Glomerular Capillaries in Crescentic
CD34+ Glomerular Capillaries in the Acute Active and Chronic Phases in Crescentic GN
During the progression of necrotizing glomerular lesions in the acute and active phase to sclerotic or collaptic glomerular lesions in the chronic phase, cellular crescents were developed to form fibrous crescents through fibrocellular crescents.
In the glomeruli with cellular crescents, glomerular necrotizing lesions were noted, with rupture of the GBM and disappearance of CD34+ endothelial cells ( Fig. 3A   and B ). In the electron microscopic findings, the endothelial cells disappeared in the glomerular capillaries with fibrin exudation (Fig. 3C) . In the glomeruli with fibrocellular crescents ( Fig. 3D and E) , CD34+ cells could not be detected in the progressive sclerotic lesions in glomeruli.
The CD34+ capillaries without necrosis had a tendency to collapse, but CD34+ cells remained. By electron microscopy, it was noted that the glomerular capillaries were not found in the sclerotic lesions in glomeruli with extracellular matrix accumulation and the formation of fibrocellular crescents (Fig. 3F) .
Glomerular sclerosis developed in the glomeruli with fibrous crescents (Fig. 4A) . CD34+ cells and endothelial cells could not be detected in the sclerotic lesions in the electron microscopic images ( Fig. 4B and C) . This suggested that glomerular sclerosis developed without capillary regeneration after capillary injury. In the collaptic glomeruli, collapse of the glomerular capillaries was noted in the glomeruli that avoided the development of necrotizing lesions, with wrinkling of the GBM and disappearance of CD34+ cells ( Fig. 4D and E) . The glomerular endothelial cells disappeared in the collapsed glomeruli with wrinkling of the GBM (Fig. 4F) .
These findings suggested that immunohistochemical staining for CD34 was a useful technique to detect glomerular endothelial cells and glomerular capillaries morphologically. Furthermore, glomerular capillary injury and the loss of glomerular endothelial cells was associated with the formation of necrotizing and crescentic lesions and their progression in crescentic GN ( Table 2) . 
Discussion
The present study demonstrated that immunohistochemical staining for CD34 could detect the glomerular capil- In the present study, we employed immunohistochemical staining for CD34 to detect the morphological alterations of glomerular capillaries in normal and diseased glomeruli because we decided that it provided the best detection of glomerular capillaries using our techniques among the various endothelial cell-associated proteins which we examined, including CD34, CD31, vWF, thrombomodulin, CD146, caveolin-1 and nestin.
CD34, a 115 kD membrane glycoprotein, is a ligand for L-selectin and is known to be expressed on vascular endothelial cells 9 11 . In the kidney, CD34 is sometimes employed as an endothelial cell marker for glomerular capillaries and peritubular capillaries, and some previous studies have demonstrated that a loss of CD34+ capillar- Fig. 3 Glomeruli with the formation of cellular and fibrocellular crescents PAM staining (A, D: ×600), CD34 staining (B, E: ×600), and electron microscopic findings (C: ×10,000; F: ×7,000) in the glomeruli with cellular (A C) and fibrocellular (D F) crescents. The formation of cellular crescents was associated with glomerular necrotizing lesions (arrow in A and B) and rupture of the GBM. CD34+ cells remained outside the necrotizing lesion, but disappeared in the necrotic lesion itself. Glomerular capillaries could not be noted in necrotizing lesions with fibrin exudation (arrow in C). Necrotizing glomerular lesions with cellular crescents gradually progressed to proliferative and sclerotic lesions (arrow in D to F) with fibrocellular crescents. CD34+ glomerular capillaries were not found in sclerotic lesions in the glomeruli with the accumulation of extracellular matrix and the formation of fibrocellular crescents. ies in the glomeruli and interstitium is associated with the development of glomerular sclerosis and interstitial fibrosis, respectively 12, 13 . In addition, CD34 is expressed on the surface of lymphohematopoietic stem and progenitor cells, bone marrow stromal cells and embryonic and immature fibroblasts 9 11 . CD34 is also known to be one of the makers of endothelial progenitor cells in peripheral blood and from bone marrow, and several studies have demonstrated that endothelial progenitor cells in the peripheral blood play an important function in vasculogenesis and acquire the ability to induce vascular repair after vascular injury 14, 15 . In clinical setting, the defective vasculogenesis through impaired endothelial precursor cells is thought to play a role in the pathogenesis of systemic sclerosis, and circulating endothelial precursors could be a target for therapeutic strategies for collagen disease 16, 17 .
In the kidneys, bone marrow cells and endothelial progenitor cells were both shown to be involved in the repair of injured glomerular capillaries in experimental GN 18, 19 . Therefore, immunostaining for CD34 may be beneficial for the detection of remaining glomerular cap-illaries, as well as for repairing glomerular capillaries after injury in GN.
The results of recent studies suggest that the renal microvasculature plays a major role in maintaining the hemodynamics and renal function, and that injury to the renal microvasculature is a crucial determinant of the progressive deterioration of renal function, as well as the progression of renal diseases 20 24 . Glomerular capillary and endothelial injury plays an important role in the pathogenesis of GN and is viewed as a crucial factor in disease progression in patients with glomerular sclerosis and renal dysfuntion 25, 26 . Our previous studies using an anti-GBM GN model demonstrated that the initiation and progression of crescentic GN is associated with the destruction of the capillary network in the necrotizing glomerular lesions 27 . In addition, impairment of the glomerular capillary repair after injury and capillary regression also contributes to the development of glomerular sclerosis. Based on these results, we concluded that the progression of crescentic GN with renal dysfunction is determined by the severity of the injury to the glomerular capillary walls and impaired repair after in- Glomerular sclerosis with fibrous crescents and glomerular collapse developed as chronic glomerular lesions after necrotizing and cellular crescentic glomerular lesions. In sclerotic lesions (arrow in A to C), the glomerular capillary networks could not be detected by PAM staining and CD34 immunostaining or in the electron microscopic findings. Glomerular endothelial cells disappeared in collapsed glomeruli (arrow in D to F) with wrinkling of the GBM in the PAM staining, CD34 immunostaining, and electron microscopic findings. The percent areas in glomerulus with crescent were evaluated for the area of necrotizing glomerular lesion, the area of sclerotic glomerular lesion, the area of lack of CD34 staining, and the area of crescentic lesions. ANCA, anti-neutrophil cytoplasmic antibody; GN, glomerulonephritis; GBM, glomerular basement membrane; HSPN, Henoch-Schönlein purpura nephritis jury. Our previous studies using experimental GN models demonstrated that complete capillary repair in damaged glomeruli can lead to full recovery of the glomerular architecture with resolution of GN 28 31 . In experimental necrotizing and crescentic anti-GBM GN, the augmentation of angiogenic glomerular capillary repair by the administration of vascular endothelial cell growth factor (VEGF) mediated the resolution of glomerular crescents, as well as the progression of crescentic GN 32 . We have considered that angiogenic capillary repair is a crucial event to allow for glomerular healing, as well as recovery from GN. We believe that the development of necrotizing and crescentic GN may therefore be both prevented and resolved by treatment utilizing stimulating angiogenic capillary repair.
Conclusions
Immunohistochemical staining for CD34 is thus considered to be useful to observe the glomerular capillary injuries in conventional formalin-fixed paraffin-embedded renal biopsy tissue sections. Severe glomerular capillary and endothelial cell injury was commonly associated with necrotizing and crescentic glomerular lesions in all forms of crescentic GN, such as pauci-immune type GN, anti-GBM GN and immune-complex type GN.
